Non-uniform, AC electric fields created by coplanar electrodes patterned on a substrate are used to move and manipulate aqueous liquid masses, and to dispense very small droplets. This liquid dielectrophoretic microactuation scheme has potential applications for microfluidic systems in the laboratory on a chip. Simple, co-planar electrode strips are used to divide microlitersized, sessile water droplets into large numbers of droplets down to ~40 picoliters. The dispensing system uses the electrodes to draw a long finger or rivulet of liquid from the parent microliter droplet. When the voltage is removed, the rivulet breaks up into numbers of droplets as a result of the familiar capillary instability. We propose and provide data that supports a very simple power law dependence of the finger length upon time: Z(t ) ∝ t , which governs the time required to fill a structure. A capillary instability, very similar to the case of the cylindrical jet, leads to droplet formation when voltage is removed.
Abstract
Non-uniform, AC electric fields created by coplanar electrodes patterned on a substrate are used to move and manipulate aqueous liquid masses, and to dispense very small droplets. This liquid dielectrophoretic microactuation scheme has potential applications for microfluidic systems in the laboratory on a chip. Simple, co-planar electrode strips are used to divide microlitersized, sessile water droplets into large numbers of droplets down to ~40 picoliters. The dispensing system uses the electrodes to draw a long finger or rivulet of liquid from the parent microliter droplet. When the voltage is removed, the rivulet breaks up into numbers of droplets as a result of the familiar capillary instability. We propose and provide data that supports a very simple power law dependence of the finger length upon time: Z(t ) ∝ t , which governs the time required to fill a structure. A capillary instability, very similar to the case of the cylindrical jet, leads to droplet formation when voltage is removed.
The hydrodynamic instability features a critical wavelength, below which instability is not possible, and a most unstable wavelength, which controls the volume and spacing of the droplets formed.
Introduction
Liquid dielectrics, including water, respond to a non-uniform, AC electric field by collecting preferentially in regions of strong field intensity. We exploit this phenomenon, liquid dielectrophoresis (DEP), using simple, co-planar electrodes patterned on insulating substrates in a microfluidic scheme to transport and manipulate small water inventories very rapidly. These electrode structures can be used to form arrays of droplets averaging less than ~40 picoliters from a single microliter droplet dispensed from a micropipette. Application of the voltage distributes the liquid rapidly in a rivulet or finger atop the electrode structures in <0.1 sec. The finger breaks up into the droplets by action of capillary instability, which proceeds, also rapidly, once the voltage is turned off. Refer to Fig. 1 . The droplet spacings are controlled by the fastest growing unstable wavelength, whereas the volumes are determined by the width of the structures as well as the time required to fill them. Dielectrophoresis (DEP) is an example of the ponderomotive effect, the basis of which is the force exerted on dipoles by a non-uniform electric field [1] . The dipoles --individual molecules in the case of a liquid --tend to collect in regions of high electric field intensity as shown in Fig. 2a . This same force repels gas or vapor bubble within this liquid from strong fields. Ordinarily, the preferred equilibrium of the collected liquid fixes the liquid surface to be parallel with the electric field lines, as depicted in Fig. 2b .
Liquid DEP differs from other electrohydrodynamic (EHD) phenomena used in microfluidic systems (such as the ion-drag effect, electroconvection, and electroosmosis) in that it is not a true pumping mechanism. Instead, the non-uniform electric field created by the electrodes establishes a hydrodynamic equilibrium that the liquid rushes to fill when voltage is applied. Once the equilibrium is reached, flow stops. Pellat's classic demonstration of liquid DEP is shown in Fig. 3 
where E ≈ V/D is the uniform electric field between the plates, V is the applied voltage, and g = 9.81 m/s 2 is the terrestrial acceleration due to gravity.
Though liquid DEP and electrowetting are closely related electromechanical effects [4] , there are important distinctions. Electrowetting manifests itself as a change in the contact angle of a sessile droplet of conductive liquid placed on top of a metallic electrode covered with a thin dielectric layer. The contact angle decreases as voltage is increased, making the droplet more hydrophilic. In electrowetting, DC or low frequency AC (typically ≤1 kHz) is used and the electric field does not penetrate the liquid.
To exploit the electrowetting effect in microfluidic applications, aqueous liquid is introduced between dielectric-coated, parallel electrodes spaced ~100 µm to 1000 µm apart. To view the flow, one of the electrodes is usually made of glass coated with a conductive layer, such as indium/tin oxide [5, 6] .
Experimental
The electrodes used for DEP microactuation are usually co-planar strips of vapor-deposited aluminum with an approximate thickness of ~2kÅ patterned on a glass substrate [7] . These electrodes are spin-coated uniformly with a dielectric layer such as Teflon AF or SU-8 to avoid boiling and electrolysis. We apply a very thin layer of photeresist, Shipley 1805 (average thickness ≤1 µm), on top of the dielectric coatings to make the surface of the substrate somewhat hydrophobic. Joule heating can be a major drawback when we apply high voltage but immersing the substrates in oil alleviates this problem. The oil helps dissipate heat by thermal conduction across the liquid/liquid interface.
In preparation for individual experiments, a ~1 microliter of deionized water (~10 -6 S/cm) droplet is deposited at one end of the electrodes. When sufficient voltage is applied, a finger of liquid emerges from the sessile droplet and rushes toward the other end. Refer to Fig. 4 . After the finger reaches the other end of the electrodes, the transient flow ceases and a hydrostatic equilibrium in the shape of a long rivulet held in place by the non-uniform electric field is established. View A-A of the figure shows a schematic representation of the cross section of the finger and the co-planar electrode strips of width w, spacing g, and negligible thickness. Our observation is that the cross-section of the finger is flatter and thinner toward its leading edge, but fills in and quickly assumes a nearly semi-circular profile.
Dynamics of finger motion
Two principal mechanisms control the DEP droplet dispenser: (i) the initial transient motion of the finger in response to application of the voltage and (ii) formation of the droplets by action of the capillary instability. In both regimes, fairly simple predictive models seem to describe the observed behavior.
Model for finger dynamics
Consider a liquid finger of length Z(t) emerging from a sessile droplet and moving along the electrodes embedded, as shown in Fig. 4 . Writing the momentum conservation expression for a control volume containing the finger yields:
In Eq. (2), f e = K V 2 is the DEP force. If we assume that the liquid profile is constant along the length of the finger except at its leading edge, then a simple electromechanical model may be used to determine that K ∝ dC/dZ, where C(Z) is the system capacitance, a function of the finger length. Because C is a linear function of finger length Z, dC/dZ = constant so that f e is also constant. Note that this result would also be obtained by using the Maxwell Stress Tensor on the control volume [13] . Derivation of the electrical force, f e using this method shows that the origin of this force does not depend on the details of the field at the leading edge of the finger. The surface tension term f γ ≈ − γ P f , where γ is oil-water interfacial tension and P f is fluid/fluid (oil/water) perimeter, is roughly constant and retards the motion. Finally, there is the fluid drag force 
Applying the initial condition Z (t = 0) = 0, the solution is 
Even without detailed knowledge of some of the variables in Eq. (5), such as K, G, and P f , most of the important parametric dependencies of A are still evident.
The simple analysis leading to Eq. (4) is open to criticism on several counts. For example, the coefficients K and G, and the perimeter P f , used to define f e , f d , and f γ , respectively, are taken to be constant in time.
Furthermore, the formulation for the drag force may be criticized as too simplistic. Other loss mechanisms that we have ignored, principally related to wetting, may contribute to impeding the motion of the finger. With our present experimental apparatus, however, it is not possible to investigate and determine such wetting effects. Nevertheless, the model does take into account the most important features of the transient flow, in particular, the dependence of the viscous drag upon the length of the finger. Examining the expression for A, one notes that the model accounts for the competition between the electrical and surface tension forces, predicting a voltage threshold for actuation that is consistent with experimental observation. We believe that once the electrical force overcomes this surface tension actuation barrier, the flow can continue at a lower voltage. It should be noted that the same, simple "square root" law, Z(t ) ∝ t , has been invoked successfully elsewhere, namely, in the description of certain thermocapillary flows that have compelling similarities to DEP microactuation [7] .
Finger dynamics data
We have studied the transient dynamics of water fingers using a high-speed video camera to capture the motion versus time. To investigate the motion, finger length data were extracted from every 5 th frame from videos all recorded at 500 fps. Fig. 5 shows typical kinetic data. These and other data sets from similar experiments have been analyzed using regression analyses based on the square root law, Eq. (4). These analyses yield a value for A, and confidence limits based on Student's t-distribution statistics [9] for each set of finger data. The curve plotted in Fig. 5 is the best-fit square root law for the data.
Values for A and the associated 99% confidence intervals are tabulated in Table I 
Frequency effects
As mentioned earlier, liquid DEP is a strong function of the electric field frequency. There is a critical frequency threshold above which the electric field penetrates the liquid and influences the finger's crosssectional profile. Jones et al. presented a simple RC circuit model which determined the minimum frequency required for such a profile [7] : and ε w are the conductivity and dielectric permittivity of the water, respectively. For the three sizes of structures tested, from the largest to the smallest, respectively, the critical frequency values are calculated to be 20, 21 and 22 kHz. Such an insignificant change in frequency values as the structure width is changed indicates that there is a weak dependence of critical frequency on structure width although it depends strongly on the thickness of the dielectric coating, t.
From Table I , we can observe that the A values depend on frequency as well as the voltage. For a 20 µm structure, increasing the frequency from 50 to 100 kHz increases the mean value of A by a factor of four. Beyond 100 kHz, there is no further increase, even if the voltage is increased. This leads us to believe that A is strong function of frequency up to a certain value above the critical one. It is interesting to note that the mean value of A does not depend on structure width, as both 20 and 10 µm structures give comparable values at 50 and 100 kHz. (5) and computed from least-squares analysis of finger length Z(t) versus time t data for co-planar electrode structures. The ± limits for A are obtained using Student's tdistribution statistics at the 99% confidence level.
Despite deficiencies in the assumptions and approximations used to obtain the Z(t ) ∝ t law for water finger dynamics, the model provides a reasonably accurate predictive relationship for length versus time when voltage is applied. Simple scaling considerations may be based on this model. For example, doubling the length will increase the filling time by a factor of four. Values for the coefficient A derived from the data generally reflect the expected voltage and cross-sectional scale dependence. More data and better control of wetting are needed to perform a fuller evaluation of the model. than for other comparable data sets.
Droplet formation dynamics
Until the voltage is removed, the finger --either moving or stationary --is maintained in stable equilibrium by the non-uniform electric field of the co-planar electrodes. The rivulet configuration becomes unstable immediately when voltage is removed. This instability is very much like the capillary jet instability familiar from ink-jet printers, flow cytometers, and liquid spraying. The difference is that, in our systems, the liquid is in contact with the substrate and it forms a regular array of sessile droplets distributed along the electrode structure. No electrical force is present during droplet formation; however, surface wetting conditions are very influential [10] . We have also found that the overall width, (2w+g), and also the shape of the electrode strips influence droplet volume and the locations where they form. For example, for our wider structures (w, g ≥ 50 µm), few droplets tend to form, apparently because much of the liquid inventory of the finger is drawn rapidly back into the parent droplet when voltage is removed. In Fig. 6a , a single droplet, representing only ~27% of the original finger volume, is formed. On the other hand, in the narrower structure shown in Fig 6b, six droplets of average volume ~200 picoliters which totals to ~33% of the original finger volume, have formed.
Regularly spaced, semi-circular bumps, as shown in Fig. 7 , have been used successfully to form uniformly spaced droplets with ±20% volume uniformity [7] . If the spacing between any two subsequent bumps is too large, satellite droplets form between them. Bumps have little influence on the wavelength of the capillary instability, but they help to initiate formation if the spacing is correctly chosen. To gain a better understanding of the factors influencing droplet formation in DEP structures, we carried out basic studies of the phenomenon in narrow structures without bumps.
Capillary instability of a rivulet
Rayleigh's classical theory for the hydrodynamic instability of a circular jet of radius R predicts that disturbances at all wavelengths greater than λ c = 2πR are unstable, and that those at wavelength λ * = 9.016R will grow fastest [11] . Davis developed a linearized model for the capillary instability of a uniform rivulet, accounting for wetting along the contact line of the liquid by hypothesizing and testing various wetting and/or pinning constraints imposed as boundary conditions [12] . For all cases considered, instability was predicted above some wavelength, except for the case of fixed contact angle and then only when the contact angle is less than 90°.
Schiaffino and Sonin [10] extended this linearized model to predict the most unstable wavelengths for each of the contact line constraints investigated by Davis. The difficulty in using the rivulet models of either Davis or Schiaffino and Sonin in our experiments is that the contact line constraint is unknown. While the electric field is on, the contact line of the finger seems to be pinned almost directly above the edges of the electrodes by the local field intensification. Also, we observe the contact angle of the liquid to be close to 90° above the critical electric field frequency f c , probably because the electric field lines, which penetrate the liquid in DEP actuation, are constrained to be perpendicular at the surface of the electrodes. But the governing condition at the contact line when the electric field is removed is not known. The instability evolves far too rapidly for our present video recording capability. Furthermore, the contact line is quite difficult to see anyway, so we are not yet able to make any definitive observations.
Droplet spacing and size data
To study the capillary instability of these artificial rivulets, we have recorded the spacings and radii of the sessile droplets formed after DEP actuation. Data have been obtained from electrode structures with the same cross-sectional dimensions used in the finger dynamics studies, viz., w = 20 µm, g = 20 µm and w = 10 µm, g = 15 µm. Fig. 8 shows an experiment conducted with one of the narrower structures, 6 mm long, which produced ~30 droplets of average volume of ~40 (±10) picoliters at an average spacing of 160 (±54) µm. According to Rayleigh's theory, using R = w + g/2, the most unstable wavelength for a cylindrical jet is 158 µm. This correspondence encouraged more detailed analysis of the data. Each droplet in images like Fig. 8 can be treated as an opportunity to test whether or not the finger crosssection is uniform. We first assume that the finger profile is semicircular with some radius R calc and that the droplets are hemispherical with radius D d . Equating the volume of each droplet to the presumed volume of liquid in the finger that was used to form it, we get:
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which one may re-arrange to obtain an expression for the apparent finger radius that depends only on the measurable quantities s and D d : Fig. 9 plots calculated values of the apparent finger radius R calc using data from Fig. 8 . There is considerable scatter in these data, but a typical average value is 11 (±4) µm, which is in reasonable agreement with R = w + g/2 = 17.5 µm. The fact that R calc is smaller suggests that the profile is flattened, instead of semicircular. Video images indicate that the moving finger is tapered and thinner at its leading edge. We did linear regression analyses on several data sets to determine if the R calc values reflect this taper by decreasing with distance from the parent droplet, but found none. Such a result may mean only that the flow had stopped by the time the voltage was turned off.
Conclusion
DEP microactuation uses simple co-planar electrodes patterned on an insulating substrate to manipulate small volumes of liquid, including aqueous solutions. Applications in microfluidic systems intended for the laboratory on a chip are envisioned. One important capability of DEP microfluidics is the dispensing of multiple droplets in the size range of 40 picoliters starting directly from microliter-sized, sessile parent drops deposited manually on the substrate with a micropipette. The dispensing process occurs in two stages. First, the electrodes are energized with AC voltage (200 to 400 V-rms), causing a narrow finger of liquid to flow from the parent droplet. The motion of the leading edge of this finger seems to obey a square root law, that is, Z(t) ∝ t . The finger (or rivulet) remains a hydrodynamically stable configuration as long as the nonuniform field is present; but when the field is removed, capillary instability immediately breaks the rivulet into droplets. This instability exhibits a critical wavelength below which it seems to behave in a way much the same as a free cylindrical jet. position on electrode structure (µm) calc. radius R calc (µm)
